Introduction
Myeloproliferative neoplasms (MPNs), including polycythemia vera (PV), essential thrombocythemia (ET), and primary myelofibrosis (PMF), are clonal hematopoietic stem cell disorders characterized by proliferation of one or more myeloid cell lineages, and they are associated with the JAK2V617F mutation, 1,2 whose detection is used in the differential diagnosis of MPN. 3, 4 Some patients with MPN exhibit leukemic transformation (LT) after several years of disease, [5] [6] [7] but the mechanism of LT has been a matter of some controversy because of insufficient insight into the underlying molecular pathogenesis. LT may be a natural sequela of these diseases, whereas treatment with alkylating agents, hydroxycarbamide, or their combination may increase the risk of LT. [8] [9] [10] Previous studies have reported that chromosomal abnormalities, including Ϫ5/5qϪ and Ϫ7/7qϪ, were frequently detected in patients with MPN at the time of LT, 11 suggesting that the development of cytogenetic abnormalities may be associated with the LT of patients with MPN. However, the genes involved in LT still remain obscure. Therefore, we attempted to identify gene alterations involved in LT from patients in the chronic phase (CP) of MPN.
Methods

Patients
Patients with MPN were diagnosed and classified according to the World Health Organization criteria 12 at Hiroshima University Hospital between 1985 and 2007. Patients with PV, ET, PMF, MPN-unclassified, and LT of these diseases were examined as approved by the Institutional Review Board at Hiroshima University. Patients gave written informed consent, in accordance with the Declaration of Helsinki.
Genomic DNA and total RNA were prepared as described previously. 13 The JAK2V617F mutation was screened using the amplification refractory mutation system assay. 3 Identification of AML1, FLT3, N-RAS, c-KIT, PTPN11, and TP53 mutations was performed as described previously. 13, 14 For CEBPA mutation screening by PCR-single strand conformation polymorphism analysis, the following forward/ reverse (F/R) overlapping primer pairs were used: 1F/R, 5Ј-CATGCCGG-GAGAACTCTAAC-3Ј/5Ј-CCAGGAACTCGTCGTTGAAG-3Ј; 2F/R, 5Ј-ATCGACATCAGCGCCTACAT-3Ј/5Ј-AGCTGCTTGGCTTCATCCT-3Ј; 3F/R, 5Ј-GCTGGTGATCAAGCAGGAG-3Ј/5Ј-TTGTCCACC-GACTTCTTGG-3Ј; 4F/R, 5Ј-CACCTGCAGTTCCAGATCG-3Ј/ 5Ј-TTGTCACTGGTCAGCTCCAG-3Ј; 5F/R, 5Ј-TGGACAAGAACA-CAACGAG-3Ј/5Ј-AGGCACCGGAATCTCCTAGT-3Ј.
Retrovirus production
AML1D171N cDNA was subcloned into the pMXs-IRES-GFP (pMXs.IG) retroviral expression vector 15 (see Figure 1A) . The PLAT-GP packaging cell line was transfected with pMXs.IG and pCMV.VSV-G using FuGNE6 (Roche Diagnostics) and cultured in Dulbecco modified eagle medium containing 10% fetal bovine serum (FBS), 2 mmol/L L-glutamine, and 100 units/mL penicillin/streptomycin. Virus-containing culture supernatants were collected after 3 days. CD34 ϩ cells were purified from MPN patients using a CD34 MicroBead Kit (Miltenyi Biotec) and autoMACS (Miltenyi Biotec) according to the manufacturer's instructions. The cells were precultured for 3 days in MethoCult H4034 medium (StemCell Technologies) containing stem cell factor (SCF), granulocyte/macrophage-colony stimulating factor (GM-CSF), interleukin-3 (IL-3), and erythropoietin. The cells were resuspended in Iscove modified Dulbecco medium containing 20% FBS, 100 ng/mL Fms-related tyrosine kinase 3 (FLT-3) ligand, 20 ng/mL GM-CSF, 100 ng/mL SCF, 100 ng/mL thrombopoietin (all cytokines were from PeproTech), 2mM L-glutamine, and 100 units/mL penicillin/streptomycin (complete cytokine medium) and added to plates coated with The publication costs of this article were defrayed in part by page charge payment. Therefore, and solely to indicate this fact, this article is hereby marked ''advertisement'' in accordance with 18 USC section 1734. 
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RetroNectin (Takara) preloaded with virus. Three days after transduction, GFP ϩ cells were sorted using a FACSAria (BD Biosciences).
CFC replating assays
A total of 10 000 GFP ϩ sorted cells were resuspended in MethoCult H4034 medium and plated into a 35-mm dish. After 14 days, colonies were counted. Cells were then suspended in Iscove modified Dulbecco medium, and 10 ϫ 10 3 cells were plated again for a colony-forming cell (CFC) replating assay until no colony was observed.
Long-term cultures on stroma cells
Aliquots of 10 ϫ 10 3 cells were added to 12-well plates precoated with MS5 stroma cells, which were used as a feeder layer after mitomycin C treatment. Cells were cultured in complete cytokine medium for 5 weeks with weekly one-half medium changes.
LTC-IC assay
A total of 10 000 cells were suspended in Myelocult H5100 (StemCell Technologies) containing 12.5% horse serum, 12.5% FBS, 0.2mM inositol, 16M folic acid, 10 Ϫ4 M 2-mercaptoethanol, and 2mM L-glutamine in ␣-minimum essential medium with 1M hydrocortisone (StemCell Technologies). The cells were divided into two 35-mm dishes precoated with MS5 stroma cells and cultured for 5 weeks with weekly one-half medium changes. Long-term culture-initiating cell (LTC-IC) cultures were harvested, and clonogenic progenitors were assayed in Methocult GF ϩ H4435 (StemCell Technologies) methylcellulose medium containing SCF, GM-CSF, IL-3, IL-6, granulocyte-colony stimulating factor, and erythropoietin. After 20 days, LTC-IC-derived CFCs were counted.
Results and discussion
A total of 417 patients with MPN (152 PV, 212 ET, 29 PMF, and 24 MPN-unclassified) were evaluated between 1985 and 2007. Eighteen of these patients (4.3%) progressed to leukemia within a minimal follow-up duration of 12 months at our hospital (Table 1 ). All 14 patients with PV or ET received advanced cytoreductive therapies, including busulfan and/or hydroxycarbamide. The patients with myelofibrosis had been treated with steroids, vitamin D 3 , and/or interferon-␣, and one was treated with etoposide. At LT, 13 of the 18 patients showed additional cytogenetic abnormalities, including Ϫ7/7qϪ with trisomy 21, inv(3)(q21q26), and i(17)(q10), and the etoposide-treated case developed t(11;19)(q23;p13.3) ( Table 1) .
Gene mutation analysis was performed at CP and LT for all patients except 4 who were referred at LT. JAK2V617F was detected in 10 of 14 patients at CP. No patients had a JAK2 mutation pattern that changed during CP to LT. Some patients with JAK2V617F ϩ MPN were reported to transform to JAK2V617F Ϫ AML, suggesting that leukemia developed from a JAK2V617F Ϫ (pre-JAK2) hematopoietic stem cell (HSC). 4, 16, 17 In this study, no JAK2V617F ϩ patients lost their JAK2V617F mutation during CP to LT, indicating that their leukemia probably arose in JAK2V617F ϩ HSCs, although we could not exclude the possibility that the presence of JAK2V617F ϩ MPN cells among the leukemic cells arising from JAK2V617F Ϫ HSCs was responsible for the positive signal in our assay. Next we analyzed gene mutations that may play an important role in leukemogenesis and found 5 AML1 mutations, 1 PTPN11 mutation, and 1 CEBPA mutation in patients at the LT, whereas no mutation was detected in patients at CP (Table 1) .
Therapy-related leukemia is known to be associated with AML1 mutations, 18 as well as with cytogenetic abnormalities, including Ϫ7/7qϪ, i(17)(q10) related to the TP53 gene, 11q23 rearrangements of the MLL gene, and inv(3)(q21q26) related to the EVI-1 gene. 19 These abnormalities were detected at LT in both JAK2V617F ϩ and JAK2V617F Ϫ MPN patients, raising the possibility that the HSCs may have been transformed into leukemic blasts as a result of gene abnormalities. Furthermore, most of the patients had undergone chemotherapy, suggesting that the leukemic transformation in patients with MPN may be caused in part by gene abnormalities acquired as a result of chemotherapy. Among these gene abnormalities in the MPN patients, we focused on AML1 mutations. The AML1 mutations in the runt homology domain resulted in a loss of the corresponding protein's ability to bind to DNA. 18 To clarify the leukemogenic effect of AML1 mutants, the AML1 D171N mutant was transduced into CD34 ϩ cells from patients in the CP of MPN ( Figure 1A-C) . The effect of this mutant on cell differentiation/proliferation was assessed by CFC replating assays ( Figure 1D ). Although total colony numbers were comparable, the D171N plates contained fewer erythroid colonies and more myeloid colonies than the control in most experiments, similar to a previous report. 20 More CD34 ϩ cells were retained in the D171N-transduced cells compared with the control ( Figure 1E ). To evaluate self-renewal capacity, cells from the first colonies were replated. New colonies were detected on all D171N plates but on only 3 control plates ( Figure 1D ). Moreover, colonies were seen after a third plating of D171N plate no. 1 but not in the controls. During the CFC replating assay, the D171N-transduced cells proliferated more strongly than the controls. These results indicate that the D171N mutant has the potential to increase the myeloid immature cells and to enhance their self-renewal capacity.
The transduced CD34 ϩ cells were next cultured on MS5 stroma cells because it was very difficult to culture the CD34 ϩ cells in liquid media without stroma cells. After 5 weeks, the D171N-transduced cells retained more CD34 ϩ cells than the controls ( Figure 1F ). Among the CD34 ϩ cells, a small minority of more primitive progenitors/stem cells, known as LTC-ICs, is capable of self-renewal and remains clonogenic after prolonged in vitro culture. The cells transduced with D171N showed significantly more colonies in all 3 LTC-IC experiments ( Figure 1G) .
A recent study showed that a mouse BMT model transduced with the D171N mutant developed leukemia in concert with EVI-1 overexpression. 15 In the present study, AML1 point mutations were detected with high frequency in patients at the LT from both JAK2V617F ϩ and JAK2V617F Ϫ MPN. Furthermore, the AML1 D171N mutant transduced into CD34 ϩ cells from MPN patients promoted proliferation of primitive progenitors, that is, leukemic stem cells. These results indicate that AML1 point mutations may have a leukemogenic potential in JAK2V617 ϩ stem cells or in pre-JAK2 stem cells, and they may promote leukemic transformation in MPN. 
